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Of240 pesticides screened for carcinogenicity by the U.S. Environmenta Protection Agency Office
of Pesticide Programs, at least 24 (10%) produce thyroid follicular cell tmnors in rodents. Thirteen
of the thyroid carcinogens also induce liver tumors, mainly in mice, and 9 chemicals produce
tumors at other sites. Some mutagenic data are available on all 24 pesticides producing thyroid
tumors. Mutagenicity does not seem to be a major detenninant in tiyroid carcinogenicity, escept
for possibly acetochor, evidence is less convincing for ethylene thiourea and etridiazole. Studies on
thyroid-pituitary :functioning, induding indications of thyroid cdl growth and/or changes in thy-
roxine, triiodothyronine, or thyroid-stimulating hormone levels, are available on 19 petcides. No
such antithyroid information is available for etrdiazole, NWoctyl bicyloheptene dicarboximide, ter-
butryn, triadimefon, and triflurlin. Of the studied chemicals, only bromacil lacks antithyroid
activity under study conditions. Intrathyroidal and eictrathyroidal sites of action are found: amit-
role, ethylene thiourea, and mancozeb are thyroid peroxidase inhibitors; and acetochlor, dofen-
tezine, fenbuconazole, fipronil, pendimethalin, pentachloronitrobenzene, prodiamine,
pyrimethanil, and thiazopyr seem to enhance the hepatic metabolism and eccretion of thyroid hor-
mone. Thus, with 12 pesticides that mode of action judgments can be made, 11 disrupt
thyroid-pituitary homeostasi only, no chemical i mutagenic only, and acetochlor may have both
antithyroid and some mutagenic avity. More information is needed to identify other potential
antithyroid modes of thyroid carcinogenic action. Key wor. induction of hepatic microsomal
enzymes, iodide pump, mode of carcinogenic action, 5'-monodeiodinase activity, pesticides, thr
roid follicular cell tumors, thyroid hormone, thyroid peroxidase activity, thyroid-stimulating hor-
mone. Environ Healb Pespet 106:437-445 (1998). [Online 26 June 1998]
htp://ehpnetl.niehs.nib.govldocs/1998/106p437-445hurley/abstrac.hatml

The modes of action or crucial steps in thy-
roid follicular cell carcinogenesis include
mutagenicity, perturbations in thyroid and
pituitary hormones, or a combination of
the two (1). The role of mutations in thy-
roid carcinogenesis is demonstrated by the
increase in thyroid cancers in rodents treat-
ed with internal or external ionizing radia-
tion sources and among people exposed to
therapeutic x irradiation, atomic bomb
emissions, or the Chernobyl reactor melt-
down in the Ukraine (2,3). A number of
mutagenic chemicals, such as nitrosamines,
are also carcinogens in the rodent thyroid
(4); no chemical is known to be carcino-
genic to the human thyroid.

The control of the concentration of thy-
roid hormone in the blood is regulated by a
negative feedback mechanism involving the
hypothalamus, the pituitary, and the thyroid
(1). The hypothalamus releases thyrotropin-
releasing hormone (TRH), which stimulates
the pituitary to produce thyroid-stimulating
hormone (TSH). TSH prompts the thyroid
to produce thyroid hormone. Cells in both
the hypothalamus and pituitary respond to
levels of circulating thyroid hormone. When
levels of thyroid hormone are high, the output

of both TRH and TSH are low. When levels
of thyroid hormone are low, the outputs of
TRH and TSH are raised, prompting the
thyroid to increase the output of thyroxin
(T4) and triiodothyronine (T3). The negative
feedback loop helps the body to respond to
varying demands for thyroid hormone and
to maintain hormone homeostasis.

The thyroid gland is capable of meet-
ing physiologic demands for T4 and T3 up
to a point. However, beyond that point,
continuous stimulation of the thyroid may
result in changes that could eventually lead
to disease, including neoplasia. Persistent
elevation ofTSH levels stimulates the thy-
roid gland to deplete its existing stores of
thyroid hormone. When the thyroid is not
able to keep up with the demand, the fol-
licular cells hypertrophy and cells divide,
leading to hyperplasia and nodular hyper-
plasia. Generally, effects are reversible
upon removal of the stimulus, at least early
in the process. However, if the stimulus
continues, benign and then malignant neo-
plasms can result. In some cases, chronic
stimulation also results in pituitary hyper-
plasia or tumors involving the cells that
produce TSH.

There are many ways chemicals produce
antithyroid effects (i.e., perturb thyroid-pitu-
itary homeostasis) that reduce circulating thy-
roid hormone, increase TSH, and increase
thyroid cancer potential in rodents (5-J1). In
the thyroid, these include 1) inhibition of the
active transport of inorganic iodide into the
follicular cell (iodide pump); 2) inhibition of
thyroid peroxidase that converts inorganic
iodide into organic iodide and couples iodi-
nated tyrosyl moieties into thyroid hormone;
3) damage to follicular cells; and 4) inhibition
of thyroid hormone release into the blood.
Outside the thyroid, chemicals can cause 5)
inhibition of the conversion of T4 to T3 by
5'-monodeiodinase at various sites in the
body and 6) enhancement of the metabolism
and excretion of thyroid hormone by the
liver, largely through the action of uridine
diphosphate (UDP) glucuronosyltransferase.

Recently, the U.S. Environmental
Protection Agency (EPA) developed a science
policy for the assessment of thyroid follicular
cell tumors and concluded that rodent thy-
roid tumors were relevant to the assessment
of carcinogenicity in humans (11,12). This
paper summarizes data within the EPA
Office of Pesticide Programs (OPP) files on
selected pesticides that have been observed to
induce thyroid follicular cell tumors in
rodents, in accordance with the guidance in
the EPA science policy on thyroid tumors
and generic procedures for the assessment of
chemicals for carcinogenicity (13,14). Rodent
thyroid C cell tumors are excluded from the
review. Included are determinations of poten-
tial mutagenic and antithyroid modes of
action. Comparisons are made between the
pesticide responses and those of pharmaceuti-
cals from the files of the Food and Drug
Administration (FDA) and chemicals tested
by the National Toxicology Program/
National Cancer Institute (NTP/NCI).
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Figure 1. Structures of 24 pesticides that produced thyroid tumors.
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Methods

The OPP data files at the EPA were system-

atically searched for pesticides that have
been observed to induce effects on the thy-
roid (i.e., biologically relevant changes in
thyroid and pituitary hormones, indications
of thyroid growth, and various other effects
on thyroid follicular cells). The review was

primarily focused on pesticides that induce
thyroid follicular cell tumors in at least one

sex of one species. The search also yielded
identification of pesticides that exhibited
some antithyroid activity but were not

observed to induce thyroid follicular cell
tumors. For the newer pesticides in the files,
specific thyroid function studies were avail-
able; the database for these chemicals was

robust and easily summarized. For the older
pesticides, relevant mechanistic data were

scattered throughout the file, and pertinent
information needed to be pieced together.

Carcinogenicity data were extracted
from 2-year bioassays, mostly conducted
according to EPA testing guidelines. The
carcinogenicity data for amitrole is an

exception in that none of the studies in
themselves were conducted in accordance
with EPA guidelines. These studies were

thus assessed as a group (i.e., weight of the
evidence). Mutagenicity data were mostly
taken from unpublished studies submitted
to OPP that were considered acceptable.
Occasionally, studies published in the open

literature were also available in the OPP
files. However, an extensive search of the
published literature was not conducted.
Published papers were used where data were
absent, but except for a few pesticides such
as amitrole and ethylene thiourea, little was
found (15-35). Unpublished studies from
OPP files are not cited in the bibliography.

Results and Discussion

Thyroid Tumors

Number ofchemicals positive. Approximately
240 pesticides have been screened for poten-
tial carcinogenicity in rodents by the OPP.
The OPP Cancer Peer Review Committee
(CPRC) has completed an in-depth review
on 167 of these. Thirty-seven of the 240 pes-
ticides induce effects on thyroid follicular
cells. Twenty-seven of these have been deter-
mined by the CPRC to induce thyroid follic-
ular cell tumors in acceptable studies in
rodents: 24 produce tumors in appropriate
chronic tests in rodents; 3 induce these
tumors only at excessively toxic dose levels
(alachlor, carbaryl, and oryzalin) and are not

considered in this review. Four others were

determined by the CPRC not to induce thy-
roid follicular cell tumors in submitted stud-
ies, although they exhibit some antithyroid

activity. Of the remaining 6 pesticides that
induce effects on thyroid follicular cells but
have not yet been through CPRC review,
preliminary evaluation indicates that 4 may
also induce thyroid follicular cell tumors and
2 demonstrate some antithyroid activity but
not tumors in submitted studies. Thus far,
the CPRC has determined that 10% of pesti-
cides (24/240) produce thyroid follicular cell
tumors in chronic studies at appropriate dose
levels. If one combines the 24 thyroid car-
cinogens identified by the CPRC with the 4
that have yet to be reviewed, then up to 12%
(28/240) of the total number of pesticides
may produce thyroid tumors in rodents. In
comparison to pesticides, the proportion of
pharmaceuticals evaluated by the FDA and
the proportion of chemicals tested by the
NTP/NCI that are positive for thyroid
tumors in rodents are 18/282 (6%) and
21/460 (5%), respectively (36,37.

Cursory review of the 240 pesticides
evaluated by the OPP reveals that thyroid
follicular cell tumors are among the most
common tumor types induced by pesticides,
with the liver being the most common.
Thyroid tumors are second, followed closely
by lung, mammary, and Leydig cell tumors.
Thyroid tumors rank between second and
eighth in the FDA database and between
fifth and eighth in the NTP/NCI database,
depending on sex and species. Only two of
the pesticides reviewed in this paper are also
included in the NTP/NCI database, ethyl-
ene thiourea and pentachloronitrobenzene,
although the latter chemical was not positive
for thyroid tumors in the study by the
NTP/NCI. About 20% of the drugs in the
FDA data set are also included in the
NTP/NCI database (36). Some of the listed
thyroid carcinogens among the pharmaceu-
ticals may have induced thyroid C cell and
not follicular cell tumors.

For the purpose of this review, only the
24 chemicals that have been through the
CPRC process and have been determined to
induce thyroid follicular cell tumors at
appropriate dose levels are discussed. Figure
1 shows the chemical structures of these
chemicals.

Grouping ofpesticide responses. An
examination of the tumor data for the 24
pesticides provides some interesting differ-
ences in thyroid tumor incidence. By looking
at the combined benign and malignant thy-
roid tumor responses at the highest dose
administered to male rats, two groups are
apparent (Table 1). Group 1 includes three
pesticides that induce a high incidence of
thyroid tumors (.0.48) at relatively low daily
doses: amitrole, ethylene thiourea, and man-
cozeb, which is metabolized to ethylene
thiourea. The 21 pesticides in Group 2
induce lower thyroid tumor incidences in

male rats (.0.39) at higher dose levels than
in Group 1 except for two members of the
group. For Group 1, significantly increasing
dose trends are observed for the incidence of
adenomas, carcinomas, and combined ade-
nomas/carcinomas for all three chemicals,
and most pairwise comparisons between
treatment groups and controls also demon-
strate significant differences. Group 2 com-
monly induces statistically significant
increases in dose-related trends in tumor
incidence, but pairwise comparison increases
are less common. Adenomas are more abun-
dant than carcinomas and contribute the
most towards the significance of the com-
bined adenoma and carcinomas.

Species and sex differences. Among the
pesticides, 22 of the 24 induce thyroid
tumors only in rats; none induces tumors
only in mice. Increased thyroid tumor inci-
dence is observed in both mice and rats for
only two pesticides, amitrole and ethylene
thiourea, members of the first group of pesti-
cides that are potent inducers of thyroid
tumors (Table 2). With the FDA pharmaceu-
ticals, 15 of 18 chemicals are positive for thy-
roid tumors only in the rat, 1 is positive only
in the mouse, and 2 are positive in both rats
and mice (36). From the NTP/NCI database,
9 of 21 induce thyroid tumors only in rats, 5
only in mice, and 7 in both rats and mice
(32). The species difference in the three data-
bases has not been explained. Adult rats and
mice both lack thyroid hormone binding
globulin, the specific high-affinity serum car-
rier protein that exists in humans (38). The
absence of the carrier protein results in a
greater proportion of free thyroid hormone in
the serum, more readily available to metabo-
lism and excretion. With a shorter half-life of
thyroid hormone, rodents should be more
sensitive than humans to chemically induced
thyroid-pituitary disruption and should have
increased susceptibility to developing thyroid
tumors. However, this does not explain the
differences in response between rats and mice.

Male rats are frequently more sensitive to
thyroid carcinogens than females, both with
respect to the proportion of chemicals that
induce thyroid tumors and to tumor inci-
dence. In keeping with this, TSH levels are
higher in male rats than in female rats (11).
Eight of the 24 pesticides reviewed in this

Table 1. Pesticide groupings: range of highest dose
tested and thyroid tumor incidence in male rats

Pesticide
group
Group 1a
Group 2b

Dose
(mg/kg/day)

3.-30.9
13-1000

(median 143)

Incidence of
benign and

malignant tumors
0.48-0.91
0.08-0.39

'Includes amitrole, ethylene thiourea, and mancozeb.
bincludes 21 pesticides.
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Table 2. Pesticides producing significant tumor incidences according to sex and species

Pesticide Thyroid Liver
Acetochlor Rmf M

Amitrole Rmf, Mmf M
Bromacil Rm M
Clofentezine Rm
DCPA Rmf M, R
Ethiozin Rmf
Ethofenprox Rmf
Ethylene thiourea Rmf, Mmf M
Etridiazole Rm R
Fenbuconazole Rm M
Fipronil Rmf
Mancozeb Rmf
N-OBHD Rm M
Pendimethalin Rmf
Pentachloronitrobenzene Rmf
Piperonyl butoxide Rmf M
Prodiamine Rmf
Pronamide Rmf M
Pyrethrins Rmf R
Pyrimethanil Rmf
Terbutryn Rm R
Thiazopyr Rm
Triadimefon Rmf M
Trifluralin Rm
Abbreviations: R, rat; M, mouse; f, female; m, male; DCPA,
ester; N-OBHD, N-octyl bicycloheptene dicarboximide.

paper induce thyroid tumors in males only,
none is positive in females only, and the rest
are positive in both sexes (Table 2). In the
FDA pharmaceutical database, 8 chemicals
out of 18 are positive for thyroid tumors in
male rats only, 1 is positive in females only,
and 8 are positive in both male and female
rats (36). Among the NTP/NCI chemicals,
2 out of 21 are positive in male rats only, 1 is
positive in females only, and 6 are positive in
both male and female rats (34). In contrast
to rodents, human females more often devel-
op thyroid cancer than do males, but there is
no difference in TSH levels (11,39).

Other Tumors
Increases in pituitary tumors (that may
involve TSH-secreting cells and be mecha-
nistically related to thyroid tumors through
an antithyroid chemical action) in rats or
mice are observed only with two pesticides,
again members of the first group, amitrole
and ethylene thiourea (Table 2). Two of the
FDA pharmaceuticals show increases in
both thyroid and pituitary tumors: the anti-
hypertensive atenolol produces both tumors
in male rats, and a cardiotonic produces
thyroid tumors in male and female rats and
mice and pituitary tumors in female mice
(36). Among the NTP/NCI chemicals, iod-
inated glycerol increases thyroid tumors in
male rats and pituitary tumors in female
mice; ethylene thiourea is a chemical in
common with the EPA database (3.

Sixteen of the 24 pesticidal thyroid car-
cinogens induce tumors in at least one other

Other tumor sites
Bone (R), glandular stomach (R), nasal cavity
(R), lung (M)

Pituitary (R)
Thyroid C cell (R)

Pituitary (M)
Bile duct (R), mammary gland (R), testis, (R)

Pancreas islet cell (R), subcutaneous (M)
Testis (R)
Parathyroid (R)

Mammary gland (R), testis (R)
Kidney (R)

Urinary bladder (R), kidney (R)
2,3,5,6-tetrachloro-1,4-benzenedicarboxylic acid dimethyl

site (not including the pituitary). By far the
most common site is the liver, a finding
shared with pharmaceuticals and NTP/NCI
chemicals. Ten pesticides induce liver tumors
in mice; four induce liver tumors in rats; and
one induces liver tumors in both mice and
rats. An association between the occurrence
of thyroid and liver tumors has been
observed in rodent cancer studies (40,41);
however, the basis for this relationship is not
fully understood, although induction of liver
microsomal enzymes may play a role in some
cases. With the 24 pesticides, there is also a
preponderance of tumors in endocrine
organs, particularly in the rat, including
glandular stomach, mammary gland,
parathyroid, pancreas islet cell, testis, and
thyroid C cell. Pharmaceuticals also fre-
quently induce tumors in endocrine organs
in the rat (36,4), in contrast to chemicals in
the NTP/NCI database, where endocrine
tumors are less frequently noted (37).
Finally, several other tumors were observed
with the 24 pesticides reviewed here. These
are found mainly in the rat and indude bile
duct, bone, kidney, lung, nasal cavity, subcu-
taneous, and urinary bladder. Some of these
tumors are rare, and incidences are numeri-
cally but not statistically significantly
increased in comparison to the control.

Mutagenic Activity
All 24 pesticides have been studied in at least
one acceptable in vitro or in vivo gene muta-
tion test, and all except ethiozin have been
tested for chromosome aberrations (Table 3).

The results of this testing indicate that muta-
genicity does not seem to be a strong mecha-
nistic influence for tumor development. Only
acetochlor, ethylene thiourea, and etridiazole
produce any positive responses across both
the gene mutation and chromosomal aberra-
tion end points. Acetochlor is unique in that
it shows positive or weakly positive effects for
bacterial and mammalian cell gene mutations
and for chromosome aberrations, both in
vitro and in vivo. However, the data on ace-
tochlor is mixed with both positives and neg-
atives and the bacterial gene mutation test is
positive only in one strain (43). Ethylene
thiourea produces negative and wealdy posi-
tive bacterial mutation, positive and negative
mammalian cell gene mutation, and negative
in vitro and positive in vivo chromosome
aberration tests. Etridiazole induces positive
effects in bacterial gene and in vitro structural
chromosome mutation tests. Fifteen pesti-
cides produce only negative results across
both the gene mutation and chromosomal
aberration end points, and an additional three
produce all negative results except a mixed
response in one of the gene mutation tests.
These results indicate that for the 24 pesti-
cides, except for possibly acetochlor, ethylene
thiourea, and etridiazole, the thyroid tumors
are likely to have been induced through a
mode of action other than mutation.

Most FDA pharmaceuticals, except
antineoplastics and a few others, are like
pesticides in that generally they are not
mutagenic (42). In contrast with these two
groups of chemicals, a much higher propor-
tion of chemicals in the NTP/NCI thyroid
carcinogen database show mutagenic
effects. This is especially true for the aro-
matic amines, induding such compounds as
3-amino-4-ethoxyacetanilide, C.I. basic red
9 monochloride, and 4,4'-thiodianiline (1).
Not uncommonly, these chemicals produce
both gene and chromosomal mutations in
cell culture test systems and, in some cases,
in chromosome aberration tests in vivo.

Perturbations in Thyroid-Pituitary
Functioning
Several crucial pieces of information are
combined to determine whether a chemical
produces thyroid tumors by interfering
with thyroid-pituitary homeostasis (11).
Such substances induce increases in thyroid
cell growth and perturb thyroid and pitu-
itary hormones, effects that are reversible
upon cessation of dosing. Identification of
a specific site of antithyroid action is need-
ed, along with correlations among chemical
doses that perturb thyroid-pituitary func-
tioning and thyroid tumors.

Increased thyroid ceUl growth and hor-
mone changes. Data on 19 of the 24 pesticides
indicate whether or not there is induction of
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thyroid growth following chemical adminis-
tration (Table 4). Follicular cell hyperplasia is
observed in 15 cases, cellular hypertrophy in
13, and an increase in thyroid gland weight in
14. Ten chemicals affect all three indicators of
thyroid cell growth, and another four affect
two thyroid cell growth indicators. Measures
of increased thyroid growth are usually gath-
ered as part of standard subchronic and
chronic toxicity studies. Thus, such findings
(both positive and negative) are usually report-
ed for both sexes of several species, usually
rats, mice, and dogs; however, when informa-
tion is only available for one animal group, it
is usually for male rats.

Data are available on either thyroid or
pituitary hormones for 17 of the 24 pesticides
(Table 4). No hormonal data exist for 7:
etridiazole, N-octyl bicycloheptene dicarbox-
imide (N-OBHD), piperonyl butoxide,
pyrethrins, terbutryn, triadimefon, and triflu-
ralin. With the exception of ethylene thiourea
and mancozeb, which have data on several
species, the majority of the hormonal data are
available for both sexes of rats; however, since
studies measuring hormonal levels are often
separate from the standard subchronic and
chronic studies, several of the studies were
conducted only with male rats because males
tend to be more sensitive than females with
regard to effects on thyroid hormones. Eleven
pesticides induce decreases in T4 and/or T3
and increases in TSH (all three parameters
are not necessarily measured in the same
study). A reduction in both serum T4 and T3
levels is noted in at least one study for 7 pesti-
cides and a reduction in only serum T4 levels
is reported in at least one study for 6 pesti-
cides. Data include an increase in serum TSH
levels in at least one study for 12 pesticides
and no change in TSH levels for 4 chemicals.
Some of the pesticides appear to affect either
one or both of the thyroid hormones but not
the pituitary hormone, and vice versa.

For evaluation of thyroid growth and
especially thyroid-pituitary hormone sta-
tus, timing of sampling is important
because of the compensatory action of
homeostatic mechanisms. As a result, it is
sometimes difficult to discern changes after
compensation ensues. Histological and
hormonal data submitted to the OPP for
the pesticides that induce thyroid tumors
were collected over a wide variety of time
periods, doses, species, and methods. In
many cases, careful timing of the measure-
ments was either not done or not reported.
Therefore, some data may be misleading or
limited. All but one of the 19 studied
chemicals (bromacil) showed at least one of
the five indications of increased thyroid
growth or hormone perturbation, and 15
chemicals showed multiple effects indica-
tive of an antithyroid effect.

The pesticide hormonal data were exam-
ined for a potential correlation between
degree of disruption in hormone measure-
ments and extent of the carcinogenic effect.
Only nine pesticides have hormonal data

that are amenable for comparison purposes:
acetochlor (43), amitrole, clofentezine,
ethiozin, ethylene thiourea, fipronil,
pendimethalin, pronamide, and thiazopyr.
Each of these chemicals has hormonal data

Table 3. Mutagenic activity of pesticides that induce thyroid tumors

Gene mutation test Chromosome aberration test

Pesticide Bacterial Mammalian In vitro In vivo
Acetochlor +?/_a +1+1- +1- -1-1-1-1+
Amitrole
Bromacil - +/-
Clofentezine
DCPA
Ethiozin wi-I-
Ethofenprox -/- -1-
Ethylene thiourea wI- +/- - +
Etridiazole + - +
Fenbuconazole
Fipronil -/- -/-
Mancozeb
N-OBHD - w -
Pendimethalin +1-1-/-
Pentachloronitrobenzene - - +
Piperonyl butoxide - +/-
Prodiamine
Pronamide - - -
Pyrethrins
Pyrimethanil -/-
Terbutryn -/-
Thiazopyr
Triadimefon
Trifluralin - - -I-1-
Abbreviations: +, positive; -, negative; w, weakly positive; ?, positive in only one strain; DCPA, 2,3,5,6-tetrachloro-1,4-ben-
zenedicarboxylic acid dimethyl ester; N-OBHD, N-octyl bicycloheptene dicarboximide.
aResults are from separate studies.

Table 4. Antithyroid data for pesticides that induce thyroid tumors

Indication of thyroid cell growth Hormone changes
Increase in Decrease in

Cellular thyroid thyroid Increase
Pesticide hypertrophy Hyperplasia weight hormone in TSH
Acetochlor Yes Yesa Yes
Amitrole Yes Yes Yes Yesb Yes
Bromacil No No No Noc No
Clofentezine Yes Yes Yes Equivocald Yes
DCPA Yes Yes Yes Yese,f No
Ethiozin No Yes Yes Yesb Yes
Ethofenprox Yes No Yes Yesb
Ethylene thiourea Yes Yes Yes Yesb Yes
Fenbuconazole Yes Yes Yes Yese,f Yes
Fipronil Yes No Yes Yese,g Yes
Mancozeb Yes Yes Yes Yesb Yes
Pendimethalin Yes Yes Yes Yesb Yes
Pentachloronitrobenzene Yes Yes Yes Yesb Yes
Piperonyl butoxide No Yes No
Prodiamine No Yes No Noc No
Pronamide Yes Yes Yes Yese,f No
Pyrethrins No Yes No
Pyrimethanil Yes Yes No Yese,f Yes
Thiazopyr Yes Yes Yes Yese,g Yes

Abbreviations: TSH, thyroid-stimulating hormone; DCPA, 2,3,5,6-tetrachloro-1,4-benzenedicarboxylic acid dimethyl ester;
T4, thyroxin; T3, triiodothyronine.
aReduction in serum T3 only.
bReduction in both serum T4 and T3.
CNo change in either serum T4 or T3.
dEquivocal changes in serum T4 and T3
"Reduction in serum T4 only.
fNo change in serum T3.
9Equivocal changes in serum T3.
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from at least one 28-day study, as well as
tumor responses in a chronic study.
Although data are difficult to compare due
to variability in study protocols, generally, it
appears that compounds in the group of
pesticides that induce higher tumor inci-
dences also lead to more significant devia-
tions in hormone levels (i.e., amitrole and
ethylene thiourea).

Site ofaction. No pesticide has been
investigated for all the potential antithyroid
sites of action: inhibition of iodide uptake
into the thyroid, thyroid peroxidase inhibi-
tion, damage to thyroid follicular cells, inhibi-
tion of thyroid hormone release from the thy-
roid, inhibition of 5'-monodeiodinase activi-
ty, and enhancement of thyroid hormone
metabolism and excretion by the liver (1).
Most attention has focused on assessing one
or possibly two possible sites of action. No
studies on pesticides have reported chemical
damage to thyroid cells or inhibition of thy-
roid hormone release, although only a limited
number of chemicals in the literature seem to
affect these processes, such as lithium and
excess iodide (44) and ionizing radiation and
polychlorinated biphenyls (2,45), respectively.

Ten pesticides have been investigated
regarding an intrathyroidal site of action,
mainly in male rats (Table 5). Amitrole, eth-
ylene thiourea, and mancozeb inhibit thyroid
peroxidase (46-48). These three chemicals
are members of the group of pesticides that
produce high thyroid tumor incidences
(Group I, Table 1). They are also the chemi-
cals that seem to lead to greater perturba-
tions in thyroid and pituitary hormone lev-
els, produce significant indications of thyroid
cell growth, and induce pituitary tumors that
may be related to thyroid-pituitary disrup-
tion (35,4*. The responses to these pesti-
cides in rodents are similar to responses to
other thyroid peroxidase inhibitors, such as
pharmaceuticals used for treatment of hyper-
thyroidism (e.g., propylthiouracil, methima-
zole) and various sulfonamides (50-53).

Table 5. Intrathyroidal site of action for pesticides
that induce thyroid tumors

Biochemical activity
Iodide Thyroid

Pesticide uptake peroxidase
Amitrole R U
Clofentezine flR; ftM
Ethiozin wlR
Ethylene thiourea UR JIR; hIP
Fipronil hR hR
Mancozeb UR UR
Pendimethalin hR = R
Pentachloronitrobenzene JR
Pyrimethanil hR = R
Thiazopyr = R
Abbreviations: M, mouse; P, primate; R, rat; w, weak; ,
decrease; 11, increase; =, no change.

Both mancozeb and its metabolite ethyl-
ene thiourea are thionamides, a group of
chemicals with antithyroid activity (Fig. 1)
(44). Other classes ofcompounds among the
thyroid peroxidase inhibitors indude certain
aromatic amines and polyhydroxyphenols.
The NTP/NCI database contains several
thionamides and many aromatic amines;
chronic rodent testing of two of the polyhy-
droxyphenols surprisingly failed to yield thy-
roid tumors or effects (54,55).

Five pesticides are reported to inhibit
iodide uptake into the thyroid (Table 5);
however, for two of these, ethiozin and
pentachloronitrobenzene, the data are
incomplete and are difficult to interpret.
For amitrole, ethylene thiourea, and man-
cozeb, it is not known whether the reduced
iodide uptake is due to a specific block in
the active transport of inorganic iodide into
the cell (iodide pump) or whether it is sim-
ply a manifestation of the inhibition of
thyroid peroxidase, due to the fact that the
iodide is not trapped within the cell in an
organic form (15,46-48). Further work is
required to differentiate these possibilities.
Inhibition of the iodide pump is not a
common manifestation of chemical toxici-
ty; it is seen with certain anions like per-
chlorate and thiocyanate, some of which
are used clinically (44).

For five pesticides, there is actually an
increase in iodide uptake into the thyroid.
By itself, an increase in iodide uptake is con-
sistent with an increase in thyroid hormone
synthetic activity. In keeping with this, the
increase in iodide uptake is accompanied by
an increase in thyroid peroxidase activity for
fipronil. Increases in iodide uptake are
undoubtedly a reflection of enhanced hepat-
ic metabolism and excretion of thyroid hor-
mone, which results in an enhancement of
thyroid hormone synthetic activity.

Most studies on pesticides that investi-
gated potential sites of action outside of the
thyroid gland were conducted with male
rats. Evidence suggests that a potential site
of antithyroid action for the bulk of the pes-
ticides may be the liver. With the exception
of amitrole and terbutryn, there is histologi-
cal evidence that all of the pesticides under
review induce hepatocellular hypertrophy,
increase liver weight, and/or increase
smooth endoplasmic reticulum in the liver
of at least one species. Other indications of
potential hepatic activity are available for 14
pesticides (Table 6). There are increases in
mixed-function oxidase activity in at least
one species for 9 pesticides and increases in
biliary flow and/or biliary excretion for
seven chemicals. Specific data bearing on
pesticidal influence on thyroid hormone
metabolism-increase in T4 serum clearance
and/or increase in T4 UDP-glucuronosyl-
transferase activity-are present for nine
agents. Terbutryn has no data bearing on a
hepatic site of action. Seven agents, namely
dofentezine, fenbuconazole, pendimethalin,
pentachloronitrobenzene, prodiamine,
pronamide, and thiazopyr, show increases in
at least two of the parameters, consistent
with an enhancement of hepatic metabolism
and excretion of thyroid hormone.

Unlike the thyroid peroxidase inhibitors,
inducers of liver microsomal enzymes are not
necessarily confined to a limited number of
chemical dasses (Fig. 1). Acetochlor is relat-
ed to alachlor (56), but alachlor was not
induded in the list because thyroid tumors
occurred only at doses producing excessive
toxicity. Like pesticides, the liver seems to be
a common site of action for a wide array of
pharmaceuticals, induding compounds such
as simvastatin and, most likely, its analog flu-
vastatin; doxylamine; etretinate; nicardipine;
oxazepam; and spironolactone (36,57-60).

Table 6. Potential hepatic site of action for pestcides that induce thyroid tumors

Increase in
Mixed-function Biliary T4 Serum. UDPGT

Pestcide oxidase acdvity Biliary flow excretion clearance activity
Acetochlor Yes

Ethylene thiourea M.,RBtR
F"pronil Yes

PentachloronhirQnzene Yes Yes Yet
59

Prodiamine NPmdiJmin-o ~~~~~RNo change .TYe

Pyrimetani

Triadimefon

Abbreviations: D, deg; M, mouse; R, ret T4, thymoxin; iDPGT, uiisdpopieicrnsliseh;wws
effect T3, triiodothyronine.
aBiIiary T4 clearance.
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Many classes of chemicals induce hepatic
microsomal enzymes. UDP-glucuronosyl
transferase activity toward various substrates
is induced by disparate chemical structures,
such as 2,3,7,8-tetrachlorodibenzo-p-dioxin,
3-methylcholanthrene, and other polyaro-
matic hydrocarbons; phenobarbital; poly-
chlorinated biphenyls; pregnenolone-16 a-
carbonitrile; and clofibrate. Induction by
each of these chemicals results in increased
transferase activity toward T4 (61-66).

Little attention has been given to the
determination of whether pesticides block
the conversion ofT4 to T3 by inhibiting 5'-
monodeiodinase activity in various tissues.
Studies have been conducted on only two
pesticides, amitrole and thiazopyr. Neither
showed a reduction in 5'-monodeiodinase
activity. In fact, amitrole enhances T4 inner
ring 5-deiodination, which leads to an
increase in reversed T3 production (67-69).

Reversibility of effects. Partial or com-
plete reversibility of effects following cessa-
tion of short-term treatment provides evi-
dence of a nonself-perpetuating process, a
manifestation consistent with a thyroid-
pituitary imbalance mode of action (1). Data
are available for 10 pesticides, including
measurements of reversibility of thyroid
growth indicators (cellular hypertrophy,
hyperplasia, thyroid gland weight), decreases
in T4 or T3, or increases in TSH (Table 7).
The time periods for the studies range from
2 to 50 weeks of treatment, with 2-16 weeks
of recovery. In general, each studied parame-
ter returns toward normal when pesticide
dosing stops. Only for ethiozin and thia-
zopyr is a lack of reversibility of some mea-
sured parameters indicated under the condi-
tions of testing.

Dose correlations. Dose correlations refer
to associations between doses of a chemical
that induce relevant antithyroid effects and
those that produce thyroid follicular cell
tumors. They are important elements in
assessing quantitatively potential risks (11).
Such data are limited for the 24 pesticides
under review, probably because historically
the emphasis has been to demonstrate quali-
tatively the presence or absence of antithy-
roid effects with little or no attention devot-
ed to developing dose-response information.
It is anticipated that dose correlation data
will be more readily available in studies sub-
mitted to the EPA in the future.

Mode ofAction
Thyroid tumors in rodents seem to arise
from different modes of action: mutagenic,
antithyroid, or a combination of the two. It
is as if mutagenic influences initiate the car-

cinogenic process, whereas the antithyroid
influences mainly promote tumor formation
by stimulating thyroid cell proliferation.

Indirectly, antithyroid agents can also lead to
an increase in mutations because there are
more rounds of DNA synthesis, with each
cell generation having some finite chance of
mutation. N-Bis-(2-hydroxypropyl)nitro-
samine is an example of a chemical that pro-
duces thyroid tumors exclusively through a
mutagenic mode of action, as it is devoid of
antithyroid activity (4). Trimethyl thiourea
has antithyroid activity without mutagenic
potential (70,71). The final common path-
way for the various antithyroid modes of
action is reduction in thyroid hormone levels
and increase in the TSH level and its stimula-
tion of the thyroid gland. Finally, a combina-
tion of mutagenic and various antithyroid
means are also possible, as well as a mixture
of different antithyroid modes. For instance,
4,4'-methylenedianiline and 3-methyl-
cholanthrene are both mutagenic and
antithyroid; the former is an inhibitor of thy-
roid peroxidase, while the latter induces liver
microsomal enzymes and the metabolism
and excretion of thyroid hormone (1,62,
63,70,72). Thiocyanate inhibits the active
transport of iodide into the follicular cell as
well, and it inhibits thyroid peroxidase;

propylthiouracil is known to be antithyroid
by two means, namely inhibition of both
thyroid peroxidase and 5'-monodeiodinase
(44). Diphenylthiohydantoin inhibits 5'-
monodeiodinase and enhances hepatic thy-
roid hormone metabolism and excretion
(73). Finally, polychlorinated biphenyls
enhance the hepatic metabolism and excre-
tion of thyroid hormones while also damag-
ing follicular cells' ability to produce thyroid
hormone (45,63). It is important to investi-
gate how chemicals induce thyroid tumors in
order to determine appropriate means to
extrapolate from high to low dose and how
to combine risks for chemicals with similar
modes of action.

At least some thyroid tumor mode of
action information is available for each of
the 24 pesticides (Tables 4-7). All have
some mutagenicity data, and 19 have infor-
mation bearing on thyroid-pituitary disrup-
tion. Only 12 have sufficient information
from which a possible thyroid carcinogenic
mode of action can be inferred (Table 8).
All 12 demonstrate an antithyroid action: 3
inhibit thyroid peroxidase, and 9 stimulate
thyroid hormone metabolism and excretion.

Table 7. Reversibility of antithyroid effects upon cessation of pesficidal dosing
Treatment Recovery Thyroid Decreases Increases

Pesticide period (weeks) period (weeks) .growth* in T4 or T3 in TSH
Amitrole 4 4 Yes
Eth:o::n:c. 3 4: Ye: No :> :
Ethylene thiourea- 7 4 Yes Yes

:mst:gcoipuz-te 4 9 Y: :st. Yes
Fipronil 50 11 Yes Yes

Pilin~~~~~~, Ye ::Yea; >! ,;
Pentachloronitrobenzene 13 13 Yes Yes Yes

Pyrimethanil 2 2 Yes Yes Yes
Thiezopyr 8 8.16 . Y... .Yn Yes

Abbreviations: T4, thyroxin; T,, triiodothyronine; TSH, thyroid-stimulating hormone.
Cellular hypertrophy, hyperplasia, andlor increased thyroid weight
%a for histology and no for weight

Table S Pesticidal mode of action of thyroid tumors

Antithyroid site of action Pesticides Comments
Mutagenic activity Possibly acetochlor; less so for

ethylene thiourea and etridiazole
*: thri -nex;sthkGare, }.;.*:;

Inhibition of iodide pump Amitrole, ethiozin, ethylene Need data to differentiate from
thiouree, pentachloronitrobenzene effect on thyroid peroxidase

ThYrnIt&4cORI4W ,. w ............ ... ,"., ,e ..... , .',, ,, .,, .. * ' .- . _.#4i'&...........'"{\.''',''.X; ';
Inhibition of thyroid Not reported
hormone release

........;lu it r *ft uu- ....Pew~.;.e...
.::.......... :.:.:. :.. : :-::

Enhancement of hepatic Acetochlor, clofentezine,
thyroid hormone metabolism fenbuconazole, fipronil,
and excretion pendimethelin, pentachloro-

nitrobenzene, prodiarmine,
pyrimethanil, thiazopyr

Environmental Health Perspectives * Volume 106, Number 8, August 1998 443



Reviews * Hurley et al.

In general, mutagenicity does not seem to be
a major mode of action accounting for thy-
roid tumors. Evidence on acetochlor sug-
gests that it may have two modes of action:
it produces both gene mutations and struc-
tural chromosome aberrations in some but
not all test systems, and it enhances thyroid
hormone metabolism and excretion by the
liver. None of the pesticides uniquely works
through a mutagenic mode of action.

No pesticide has been investigated for
all potential antithyroid sites of action. No
information has been reported regarding
some sites of action, namely, thyroid follic-
ular cell injury and inhibition of thyroid
hormone release; only a limited number of
chemicals have been investigated for inhibi-
tion of 5'-monodeiodinase. Further experi-
mental work is needed to help determine
modes of action of pesticides. More than
one mode of action may apply; methods are
available to discern each of them. Future
studies submitted to the EPA are expected
to comply with EPA science policy (12).

Given the present assessment of pesti-
cides as well as an evaluation of other
chemicals, it is apparent that antithyroid
activity is a common mode of thyroid car-
cinogenic action in rodents. Most of these
chemicals appear to be inducers of hepatic
microsomal enzymes. A smaller group
includes thyroid peroxidase inhibitors,
namely thionamides, some aromatic
amines, and a few other agents, such as
amitrole. It would seem that only a few
chemicals might operate through other
antithyroid modes of action: inhibition of
iodine uptake, inhibition of thyroid hor-
mone release from the thyroid gland, toxic-
ity to the thyroid gland, and inhibition of
5'-monodeiodinase (44,45,74). When a
new, unstudied chemical produces indica-
tion of thyroid hypertrophy or hyperplasia
in repeat dosing studies, further work may
be warranted in determining potential
antithyroid activity and site of action
before commencing more detailed investi-
gations. Structural alerts and testing for
mutagenicity can identify chemicals work-
ing by a DNA reactive mode of action.

REFERENCES AND NoTEs

1. Hill RN, Erdreich LS, Paynter OE, Roberts PA,
Rosenthal SL, Wilkinson C. Thyroid follicular cell car-
cinogenesis. Fundam AppI Toxicol 12:629-697 (1989).

2. NRC. Health Effect of Exposure to Low Levels of
Ionizing Radiation. BEIR V. Washington, DC:National
Academy Press, 1990;281-298.

3. International conference sponsored by the
International Atomic Energy Agency, the European
Commission, and the World Health Organizaton. One
Decade after Chernobyl. Summing Up the
Consequences of the Accident, 8-12 April 1996,
Vienna, Austria.

4. Hiasa Y, Kitahori Y, Kitamura M, Nishioka H, Vane K,
Fukumoto M, Ohshima M, Nakaoka S, Nishii S.

Relationships between serum thyroid stimulating hor-
mone levels and development of thyroid tumors in rats
treated with N-bis-(2-hydroxypropyl)nitrosamine.
Carcinogenesis 12:873-877 (1991).

5. Hard GC. Recent developments in the investigation of
thyroid regulation and thyroid carcinogenesis. Environ
Health Perspect 106:427-436 (1998).

6. Capen CC, Martin SL. The effects of xenobiotics on
the structure and function of thyroid follicular and C-
cells. Toxicol Pathol 17:266-293(1989).

7. McClain RM. The significance of hepatc microsomal
enzyme induction and altered thyroid function in rats:
implications for thyroid gland neoplasia. Toxicol
Pathol 17:294-306(1989).

8. McClain RM. Mechanistic considerations for the rele-
vance of animal data on thyroid neoplasia to human
risk assessment. Mutat Res 333:131-142 1995).

9. Paynter OE, Burin GJ, Jaeger RB, Gregorio CA.
Goitrogens and thyroid follicular cell neoplasia: evi-
dence for a threshold process. Regul Toxicol
Pharmacol 8:102-119 (1988).

10. Wynford-Thomas D, Williams ED, eds. Thyroid
Tumours: Molecular Basis of Pathogenesis. New
York:Churchill Livingston, 1989.

11. Hill RN, Crisp TM, Hurley PM, Rosenthal SL, Singh DV.
Risk assessment of thyroid follicular cell tumors.
Environ Health Perspect 106:000-000(1998).

12. U.S. EPA. Assessment of Thyroid Follicular Cell
Tumors. Risk Assessment Forum. EPA/630/R-97/002.
Washington, DC:U.S. Environmental Protection
Agency, 1997.

13. U.S. EPA. Guidelines for carcinogen risk assessment.
Fed Reg 51:33992-34003(1986).

14. U.S. EPA. Proposed guidelines for carcinogen risk
assessment Fed Reg 61:17960-18011 (1996).

15. Alexander NM. Antithyroid action of 3-amino-1,2,4-tri-
azole. J Biol Chem 234:147-150 (1959).

16. Arnold DL, Krewski DR, Junkins DB, McGuire PF,
Moodie CA, Munco IC. Reversibility of ethylene
thiourea-induced thyroid lesions. Toxicol AppI
Pharmacol 67:264-273 (1983).

17. Capen CC. Toxic responses of the endocrine system.
In: Casarett and Doull's Toxicology: The Basic
Science of Poisons (Klaassen CD, Amdur, MO, Doull
J, eds). New York:McGraw-Hill, 1996;617-640.

18. Dalvi RR, Dalvi PS. Differences in the effects of piper-
ine and piperonyl butoxide on hepatic drug-metaboliz-
ing enzyme system in rats. Drug Chem Toxicol
14:219-229 (1991).

19. Fregley MJ. Effect of aminotriazole on thyroid function
in the rat Toxicol AppI Pharmacol 13:271-286 (1968).

20. Freudenthal RI, Kerchner G, Persing R, Baron RL.
Dietary subacute toxicity of ethylene thiourea in the
laboratory rat. J Environ Pathol Toxicol 1:147-161
(1977).

21. Graham SL, Hansen WH. Effects of short term admin-
istration of ethylene thiourea upon thyroid function of
the rat. Bull Environ Contam Toxicol 7:19-25 (1972).

22. Hotz KJ, Wilson AGE, Thake DC, Roloff MV, Capen CC,
Kronenberg JM, Brewster DW. Mechanism of thia-
zopyr-induced effects on thyroid hormone homeosta-
sis in male Sprague-Dawley rats. Toxicol AppI
Pharmacol 142:133-142(1997).

23. Krechniak J, Englot B, Wrzesniowska EH. Interaction
of lindane and carbaryl on hepatic microsomal
enzymes in rats. Bull Environ Contam Toxicol
52:927-934 (1994).

24. Moody DE, Narloch BA, Shull LR, Hammock BD. The
effect of structurally divergent herbicides on mouse
liver xenobiotic-metabolizing enzymes (P-450-depen-
dent mono-oxygenases, epoxide hydrolases and glu-
tathione S-transferases) and carnitine acetyltrans-
ferase. Toxicol Lett59:175-185 (1991).

25. Naydenova Z, Urshev Z, Golovinsky E, Grancharov K.
Influence of pesticides on UDP-glucuronyltransferase
in rat liver microsomes. Pestic Sci 47:25-30 (1996).

26. O'Neil WM. Goitrogenic effects of ethylene thiourea
on rat thyroid. Pestic Biochem Physiol 21:92-101
(1984).

27. Strum JM, Karnovsky MJ. Aminotriazole goiter. Fine
structure and localization of thyroid peroxidase activi-
ty. Lab Invest 24:1-12({1971).

28. Tsuda H. Studies on effects of 3-amino-1,2,4-triazole

in rat thyroids. Nagoya Shiritsu Daigaku lgakkai
Zasshi 26:87-94 (1975).

29. Tsuda H, Hirose M, Fukushima A, Takahashi M.
Changes in the thyroid gland of rats given 3-amino-
1,2,4-triazole. II. Changes following long term adminis-
tration. Nippon Byori Gakku Kaishi 63:186-192 (1974).

30. Tsutsui T, Maizumi H, Barrett JC. Amitrole-induced
cell transformation and gene mutations in Syrian ham-
ster embryo cells in culture. Mutat Res 140:205-207
(1984).

31. Wilkinson CF, Murray M, Marcus CB. Interactions of
methylenedioxyphenyl compounds with cytochrome
P-450 and effects on microsomal oxidation. In:
Reviews in Biochemical Toxicology (Hodgson D, Bend
JR, Philpot RM, eds). New York:Elsevier, 1984;27-64.

32. Wynford-Thomas D, Stringer BMJ, Williams ED.
Goitrogen-induced thyroid growth in the rat a quanti-
tative morphometric study. J Endocrinol 94:131-140
(1982).

33. Wynford-Thomas D, Stringer BMJ, Williams ED.
Dissociation of growth and function in the thyroid dur-
ing prolonged goitrogen administration. Acta
Endrocrinol 101:210-216 (1982).

34. Wynford-Thomas D, Stringer BMJ, Williams ED.
Desensitisation of. rat thyroid to the growth-stimulat-
ing action of TSH during prolonged goitrogen adminis-
tration. Acta Endocrinol 101:562-569(1982).

35. NTP. Toxicology and Carcinogensis Studies of
Ethylene Thiourea (CAS No. 96-45-7) in F344 Rats and
B6C3F1 Mice (Feed Studies). TR No. 388. Research
Triangle Park, NC:National Toxicology Program, 1992.

36. Contrera JF, Jacobs AC, DeGeorge JJ, Chen CH,
Choudary JB, DeFelice AF, Fairweather WR, Farrelly
JG, Fitzgerald GG, Goheer AM, et al. Carcinogenicity
testing and the evaluation of regulatory requirements
for pharmaceuticals. Regul Toxicol Pharmacol
25:130-145 (1997).

37. NTP. Numbers of Chemicals Associated with Site-spe-
cific Neoplasia. Research Triangle Park, NC:National
Toxicology Program. http:llntp-server.niehs.nih.gov/
htdocs/Sites/PSiteCnt.html [cited 20 March 19981.

38. Dohler KD, Wong CC, von zur MuhIen A. The rat as a
model for the study of drug effects on thyroid function:
consideration of methodological problems. Pharmacol
Ther 5:305-318 (1979).

39. Parker SL, Tong T, Bolden S, Wingo PA. Cancer statis-
tics, 1997. CA-Cancer J Clin 47:5-27 (1997).

40. McConnell EE. Thyroid follicular cell carcinogenesis:
results from 343 2-year carcinogenicity studies con-
ducted by the NCI/NTP. Regul Toxicol Pharmacol
16:177-188 (1992).

41. Haseman JK, Lockhart A-M. Correlations between
chemically related site-specific carcinogenic effects
in long-term studies in rats and mice. Environ Health
Perspect 101:50-54(1993).

42. Davies TS, Monro A. Marketed human pharmaceuti-
cals reported to be tumorigenic in rodents. J Am Coil
Toxicol 14:90-107 (1995).

43. Ashby J, Kier L, Wilson AGE, Green T, Lefevre, PA,
Tinwell H, Willis GA, Heydens WF, Clapp MJL.
Evaluation of the potential carcinogenicity and genet-
ic toxicity to humans of the herbicide acetochlor. Hum
Exp Toxicol 15:702-735 (1996).

44. Green WL. Mechanisms of action of antithyroid com-
pounds. In: The Thyroid (Werner SC, lngbar SH, eds).
New York:Harper and Row, 1978;77-87.

45. Byrne JJ, Carbone JP, Hanson EA. Hypothyroidism
and abnormalities in the kinetcs of thyroid hormone
metabolism in rats treated chronically with polychlori-
nated biphenyl and polybrominated biphenyl.
Endocrinology 121:520-527 (1987).

46. Doerge DR, Niemczura WP. Suicide inactivation of
lactoperoxidase by 3-amino-1,2,4-triazole. Chem Res
Toxicol 2:100-103 (1989).

47. Doerge DR, Takazawa RS. Mechanism of thyroid per-
oxidase inhibition by ethylenethiourea. Chem Res
Toxicol 3:98-101 (1990).

48. Kackar R, Srivastava MK, Raizada RB. Studies on rat
thyroid after oral administration of mancozeb: mor-
phological and biochemical evaluations. J AppI
Toxicol 17:369-375({1997).

49. Steinhoff D, Weber H, Mohr U, Boehme K. Evaluation
of amitrole (aminotriazole) for potential carcinogenicity

444 Volume 06, Number 8, August 1998 * Environmental Health Perspectives



Reviews * Mode of action of pesticidal thyroid carcinogens

in orally dosed rats, mice, and golden hamsters.
Toxicol AppI Pharmacol 69:161-169 (1983).

50. IARC. Propylthouracil. In: IARC Monographs on the
Evaluation of Carcinogenic Risks to Humans. Vol 7:
Some Anti-Thyroid and Related Substances,
Nitrofurans and Industrial Chemicals. Lyon:
International Agency for Research on Cancer,
1974;67-76.

51. Littlefield NA, Gaylor DW. Chronic toxicity/carcino-
genicity studies of sulphamethazine in B6C3F1 mice.
Food Chem Toxicol 27:455-463 (1989).

52. Littlefield NA, Sheldon WG, Allen R, Gaylor DW.
Chronic toxicity/carcinogenicity studies of sulphamet-
hazine in Fischer 344/N rats: two generation exposure.
Food Chem Toxicol 28:157-167 (1990).

53. Owen NV, Worth HM, Kiplinger GF. The effects of
long-term ingestion of methimazole on the thyroids of
rats. Food Cosmet Toxicol 11:649-653 (1973).

54. NTP. Toxicology and Carcinogenesis Studies of
Resorcinol (CAS No 108-46-3) in F344/N Rats and
B6C3F1 Mice (Gavage Studies). TR 403. Research
Triangle Park, NC:National Toxicology Program.

55. NTP. Toxicology and Carcinogenesis Studies of 4-
Hexylresorcinol (CAS No. 136-77-6) in F344/N Rats and
B6C3F1 Mice (Gavage Studies). TR 330. Research
Triangle Park, NC:National Toxicology Program.

56. Wilson AG, Thake DC, Heydens WE, Brewster DW,
Hotz KJ. Mode of action of thyroid tumor formation in
the male Long-Evans rat administered high doses of
alachlor. Fundam AppI Toxicol 33:16-23 (1996).

57. Bookstaff RC, Murphy VA, Skare JA, Minnema D,
Sanzgiri U, Parkinson A. Effects of doxylamine succi-
nate on thyroid hormone balance and enzyme induc-
tion in mice. Toxicol AppI Pharmacol 141:584-594
(1996).

58. Curran PG, DeGroot U. The effect of hepatic enzyme-

inducing drugs on thyroid hormones and the thyroid
gland. Endocr Rev 12:135-150 (1991).

59. Griffin RJ, Dudley CN, Cunningham ML. Biochemical
effects of the mouse hepatocarcinogen oxazepam:
similarities to phenobarbital. Fundam AppI Toxicol
29:147-154 (19961.

60. Semler DE, Chengelis CP, Radzialowski FM. The
effects of chronic ingestion of spironolactone on
serum thyrotropin and thyroid hormones in the male
rat. Toxicol AppI Pharmacol 98:263-268 (1989).

61. Smith PF, Grossman SJ, Gerson RJ, Gordon LR,
Deluca JG, Maika JA, Wang RW, Germershausen Jl,
MacDonald JS. Studies on the mechanism of simvas-
tatin-induced thyroid hypertrophy and follicular cell
adenoma in the rat. Toxicol Pathol 19:197-205 (1991).

62. Barter RA, Klaassen CD. UDP-glucuronosyl trans-
ferase inducers reduce thyroid hormone levels in rats
by an extrathyroidal mechanism. Toxicol AppI
Pharmacol 113:36-42(1992).

63. Barter RA, Klaassen CD. Reduction of thyroid hor-
mone levels and alteration of thyroid function by four
representative UDP-glucuronosyltransferase induc-
ers in rats. Toxicol AppI Pharmacol 128:9-17 (1994).

64. deSandro V, Chevrier M, Boddaert A, Melcion C,
Cordier A, Richert 1. Comparison of the effects of
propylthiouracil, amiodarone, diphenylhydantoin, phe-
nobarbital, and 3-methylcholanthrene on hepatic and
renal T4 metabolism and thyroid gland function in rats.
Toxicol AppI Pharmacol 111:263-278 (1991).

65. Kohn MC, Sewall CH, Lucier GW, Portier CJ. A mech-
anistic model of effects of dioxin on thyroid hormones
in the rat. Toxicol AppI Pharmacol 164:29-48 (1996).

66. Saito K, Kaneko H, Sato K, Yoshitake A, Yamada H.
Hepatic UDP-glucuronyltransferase activity toward
thyroid hormones in rats: induction and effects on
serum thyroid hormone levels following treatment

with various enzyme inducers. Toxicol AppI
Pharmacol 111:99-106 (1991).

67. Balsam A, Sexton F, Forges M, Ingbar SH. Formation
of diodotyrosine from thyroxine. Ether-link cleavage,
an alternate pathway of thyroxine metabolism. J Clin
Invest 72:1234-1245 (1983).

68. Cartier L-J, Williams IK, Holloszy J, Premachancra
BN. Potentiation of thyroxine 5-deiodination by amino-
triazole. Biochim Biophys Acta 843:68-72 (1985).

69. Scammell JG, Fregly MJ. The effect of 3-amino-1,2,4-
triazole on hepatic and renal deiodinabion of L-thyrox-
ine to 3,5,3'-triiodothyronine. Toxicol AppI Pharmacol
60:45-51 (1981).

70. Astwood EB, Bissell A, Hughes AM. Further studies
on the chemical nature of compounds which inhibit
the function of the thyroid gland. Endocrinology
37:56-481 (1945).

71. NCI. Bioassay of Trimethylthiourea for Possible
Carcinogenicity. Technical Rept 129. Bethesda, MD:
National Cancer Institute, 1979.

72. Lamb JC, Huff JE, Haseman JK, Murthy ASK, Lilja H.
Carcinogenesis studies of 4,4'-methylenedianiline
dihydrochloride given in drinking water to F344/N rats
and B6C3F1 mice. J Toxicol Environ Health 18:325-337
(1986).

73. Gerber H, Huber G, Peter HJ, Kimpf J, Lemarchand-
Beraud T, Fragu P, Stocker J. Transformaton of nor-
mal thyroids into colloid goiters in rats and mice by
diphenylthiohydantoin. Endocrinology 135:2688-2699
(1994).

74. Peer Review Panel. An Inquiry into the Mechanism of
Carcinogenic Action of FD&C Red No. 3 and Its
Significance for Risk Assessment. A Report by the
FD&C Red No. 3 Peer Review Panel. Washington,
DC:Food and Drug Administration, 1987.

Attention Educators
For as little as $3.09* per year/per user, your students can have full

internet access to the Environmental Health Information Service (EHIS)!
... The EHIS offers online, searchoble access to:

_ Environmental Health Perspectives
* Environmental Health Perspectives Supplements
* National Toxicology Program Technical and
Toxicology Reports

* Report on Carcinogens
* Chemical Health and Safety Database
* Historical Rodents Database

For more information on ordering see
http://ehis.niehs.nih.govI
or call 1-800-315-3010.

*Price is based on Multiple User Internet Access-
Education Accounts including full internet access

- for 250 users and print copies of EHP, EHP |E*
Supplements, and NTP Reports.

Environmental Health Perspectives * Volume 106, Number 8, August 1998 445


